The relationship between the deposition conditions and the structural and electrical properties of in situ superconducting YBa2Cus07.+ thin films deposited by off-axis magnetron sputtering has been investigated. High-quality films have been produced with a transition temperature Tc (R=O) of 92 K, a critical current density Jc (zero field) of 3.3 X 10' A/cm2 at 4.2 K and 4.8 X lo6 A/cm2 at 77 K, and a microwave surface resistance Rs of 2.6~ lop6 R at 1.5 GHz and 4.2 K which rises to 8.3 X 10e6 R at 77 K. Among the deposition conditions explored, substrate temperature was identified as the most influential in producing these high-quality films. A quantitative relationship was established between substrate temperature and T,, normal-state resistivity p, Jc, orientation distribution, x-ray-diffraction peak broadening, lattice expansion, R,, and penetration depth /2. Increasing substrate temperature results in an increase in T,, a decrease in p, an increase in Jc, an increase in grain size, an increase in the ratio of c-axis-to a-axis-oriented grains, and a decrease in ;1. The deposition conditions of high substrate temperature and oxygen pressure, used to form films of the highest electrical and structural quality, also promote the formation of CuO precipitates of about 1 pm in dimension, resulting from a slightly copper-rich stoichiometry.
I. INTRODUCTION
High-quality YBazCu307-, (YBCO) thin films have been prepared by a variety of techniques using both in situ and ex situ deposition methods. The first successful techniques to deposit YBCO thin films were ex situ methods, including coevaporation using metal-fluoride sources,' and chemical derivation of films from metalorganic liquid precursors2 In situ deposition techniques include pulsed laser deposition (laser ablation) ,3y4 reactive evaporation,5V6 molecular-beam epitaxy,7'8 and sputtering.'-" These methods were initially advantageous over ex situ techniques because the overall processing temperature was lower. More recently, though, by postannealing in low oxygen pressures, the processing temperature for ex situ methods has been reduced to values similar to in situ techniques.12-I5 Therefore, a variety of both kinds of techniques can be used for producing high-quality films for electronics applications. To develop reproducible, manufacturable processes in order to fully exploit YBCO thin films for practical electronics applications, it is necessary to understand the relationship between the structural and electrical properties of the films and the processing conditions. In this article, we report on the relationship between substrate temperature and T,, normal-state resistivity p, Jc, orientation distribution, x-ray-diffraction (XRD) peak broad- ening, lattice expansion, microwave surface resistance R,, and penetration depth /2. Thin-film microstructure was inferred from XRD measurements and in some cases corroborated by scanning electron microscopy (SEM) and transmission electron microscopy (TEM) .
II. EXPERIMENT
Superconducting thin films of YBCO were deposited in situ by off-axis rf magnetron sputtering. '6*'7 The deposition chamber was an all-metal load-locked system pumped by a 1000 l/s turbo pump. The target was a 7.6-cm-diam pressed powder of stoichiometric superconducting YBC0'8,'9 with a density of 5.986 g/cm3. The target was annealed in oxygen at 440 "C prior to system installation and sputtered for a total of 23 h to condition it. The LaA103 (100) substrates were thermally and mechanically anchored to a stainless-steel heater block using silver paste. This heater block was radiatively heated using a quartz lamp, and its temperature TH controlled using a ChromelAlumel thermocouple embedded into it. The actual substrate temperature T, was calibrated as a function of TH using 25-pm-diam Platinel thermocouple wires ultrasonically bonded to the substrate surface, a technique described in detail elsewhere. 20 Films measuring about 2000 A thick were deposited over a wide range of conditions by varying substrate temperature and oxygen pressure while holding total pressure constant at 160 mTorr and rf power constant at 125 W. Prior to depositing each film, the target was presputtered for 1 h. After deposition, the oxygen pressure was raised at a rate of 2 Torr/min with the substrate temperature ramped to 400 "C in 20 min and held at this temperature for 1 h to oxygenate the film.
Structural properties of the resulting films were characterized using several techniques. X-ray diffraction was used to determine the phases present in the films and the crystallographic orientation both perpendicular to the surface and in plane. Two techniques were used: standard 8-28 XRD and four-circle XRD, which is used to scan in 8, 8-20, chi, and phi. The Q-28 measurements were performed using a Rigaku diffractometer and the four-circle measurements with a Huber goniometer. In both cases, Cu Ka x-rays were generated from a rotating-anode source. The surface morphology of the films was investigated using SEM. Films were observed in plan view and cross section. Auger electron spectroscopy (AES) was used to measure film composition and uniformity and to identify secondary phases. The microstructure was characterized by cross-sectional and plan-view TEM and highresolution electron microscopy (HREM). Electrontransparent specimens of the YBCQ thin films were prepared by the usual multistep process involving sectioning, mechanical polishing, dimpling, and ion milling. The chemical analysis of secondary phases in these films was carried out by energy-dispersive spectroscopy (EDS) in a dedicated scanning transmission electron microscope (STEM). strate temperature in off-axis sputtering, which was identified as the most critical deposition parameter.
The dc and rf electrical properties were also measured and correlated with structural properties and deposition conditions. Resistive transitions were measured using the standard four-point probe technique. CriticaI current density was measured by transport on 20-pm-wide, 2-mm-long patterned lines using a 5 yV/cm criterion. Surface resistance and penetration depth measurements were performed using a stripline resonator technique.'l The dependence of the surface resistance on microwave current (power dependence) was also measured." The resonator was constructed by patterning a 150+m-wide, 2-cm-long transmission line coupled to input and output through a 750 pm gap. Films were patterned for Jc and R, measurements by wet chemical etching using a dilute solution (0.25%) of phosphoric acid.
A. Electrical properties
The best electrical properties measured include a T, of 92 K, a Jc of 3.3X lo7 A/cm2 at 4.2 K and 4.8~ lo6 A/cm' at 77 K, and a Rs for patterned films of 2.65 10eh R at. 1.5 GHz and 4.2 K and 8.5~ 10W5 ti at 10 GHz, and 8.3X IO-' 0 at 1.5 GHz and 77 K and 2.0~; lo-" at 10 GHz." Deposition conditions which optimize these electrical properties are a high deposition temperature (T, between 730 and 765 "C) and a high oxygen pressure [P(02) =80 mTorr].
III. RESULTS
The Y BCO thin films were deposited over a wide range of conditions by varying the heater temperature from 640 "C ( 'Ts= 625 "C) to 800 "C ( T,=765 "C) and by varying oxygen pressure P(0,) from 10 to 100 mTorr, as displayed in Fig. 1 . The heater temperature TII is controlled during deposition, and the calibrated substrate temperature T, is used for characterizing the films. All deposition conditions resulted in the formation of in situ superconducting thin films. The results presented in this artic.le are part of a larger investigationi which also included the effect of bombardment and changes in oxygen pressure during the low-temperature oxygenation step. The experiments summarized below focus on the influence of subThe values of T,, Jc, p, and R, were systematically measured as a function of deposition temperature in a series of films deposited t.o correlate electrical and structural properties. Figure 2 (a) shows p and Jc as a function of temperature for one of the best films of this series of experiments. This film was deposited at Ts=765 "C with P( 0,) = gO mTorr. The normal-state resistivity is low and the extrapolation of a linear fit to the p vs T curve between 150 and 250 K crosses the resistivity axis below zero. Figure 2(b) shows Rs as a function of temperature of the same film. The R, in all the films in the series is higher than our best previously reported results,"" but the changes in Rs and the other properties measured form a consistent set of results as discussed below. The p(T) for films deposited at different temperatures with an oxygen pressure of 80 mTorr is shown in Fig. 3 (a) . The curves show metallic behavior in the normal state with a slight upward deviation near T,-, with resistivity increasing with decreasing deposition temperature. As deposition temperature is decreased, Tc (R = 0) decreases and the extrapolated p ( 0 ) intercept measured between 150 and 250 K at T=O in- creases. Critical current density also decreases with decreasing deposition temperature over this range as shown in Fig. 3(b) . Figure 4 shows R, at 1.5 GWz and 4.2 K as a function of rf current for the same series of films. Table  I summarizes the dc properties and rf electrical properties of these films including &, il, and power dependence. As deposition temperature increases, 7'~ and JC increase, while p and /z decrease.
B. Structural properties
Standard 0-28 XRD reveals that all the films are highly oriented with the c axis or a axis normal to the substrate. Figure 5 shows a diffraction pattern typical of the best fihus with 001 limes measured to 0013. This film was deposited at Ts=731 "C with P(Oz) = 80 mTorr. No secondary phases are detected using this technique and the diffraction peaks are intense and narrow. Higher index peaks ( >007) demonstrate the peak splitting that is typically observed in high-quality films. A phi scan of the 1102) peaks in c-axis-oriented grains of a film grown under similar conditions is shown in Fig. 6 indicating that there are no misoriented gmins in these films. The { 102) peak was selected for this measurement instead of the more intense { 1 lo} and {103} peaks because there are no overlapping substrate peaks. The splitting of the peaks is due to twinning in the a-b planes and this is the only observed defect. Figure 7 (a) shows the peak splitting in greater detail. In addition, in the c-&s-oriented grains the {102) reflections from the film are offset from ,the { 110) reflection in the substrate, indicating a deviation of about 0.4" bet.ween the (100) directions parallel to the film-substrate interface in the film and substrate. In contrast, the XRD pattern of a-axis grains in the same film, shown in Fig.  7 (b), indicates that the (100) directions in the film and substrate are aligned.
As deposition temperature is decreased, several changes occur in the film microstructure. First, the c-axis lattice parameter increases from the bulk value 11.677 A,24 as shown in Fig. 8 . This effect is more pronounced at low P(0,) than at high P(O,), Second, the diffraction peaks Table I . The variation of Rs with current among the films is substantially larger than the variation of lowcurrent Rs.
broaden. This is illustrated in Fig. 9 which shows the full width at 50% maximum and 20% maximum of the 007 diffraction peaks for films deposited with an oxygen pressure of 80 mTorr. Finally, the orientation distribution of the film changes; as the deposition temperature is decreased, there is an increase in the component of a-axisoriented grains. the c-axis peaks become less intense and the a-axis peaks become more intense. The orientation distribution, that is, the ratio of a-axis-to c-axis-oriented grains, is calculated by comparing the integrated diiracted intensities and correcting by a factor of 1.1 for the fact that ( 102 > and (0 12 tion temperatures, the films become entirely a-axis oriented. Figure 11 shows a diffraction pattern of a film deposited at Ts= 625 "C with P(CQ = 20 mTorr. This film is purely n-axis oriented. No 001 lines are detected and an intense 400 peak at 20 000 counts/s is clearly visible. Note that this diffraction pattern also exhibits artifact peaks from the substrate. Changes in microstructure that can be inferred from XRD were in some cases also examined by SEM and TEM. Although XRD analysis suggests that the films are phasepure YBCO, the SEM and TEM analysis indicates that this is not the case. Figure 12 shows plan-view and crosssectional SEMs indicating that agglomerates visible on the film surface actually extend through the film thickness. Analysis of these precipitates by EDS, AES, and STEM reveals that most of them are polycrystalline CuO. The volume fraction of CuO in these films estimated from SEM analysis is up to 20%. The overall stoichiometry of all of the films is copper rich and slightly yttrium rich as mea- sured by AES. Other secondary phases have also been identified including Y203 and Cr-Ba oxide, measuring about 100 and 1000 A in diameter, respectively, for films deposited at Ths=731 "C. The Cr-Ba oxide is caused by contamination from the oxidized stainless-steel heater block. Since this contamination was detected in some films, most of the films described in this investigation were deposited using heater blocks coated with Haynes 230, which does not contain chromium.
A plan-view HREM of a predominantly a-axisoriented film is shown in Fig. 13 (a) . This film was deposited at Ts=679 "C and a low oxygen pressure, P(0,) = 10 mTorr. The figure clearly shows the presence of numerous 90" grain boundaries between the two variants of a-axis- the presence of grain boundaries oriented parallel to the (010) planes due to the impingement of an a-axis gram growing along its t&tcr-growing b-z& direction, on an orthogonal a-axis grain, growing along its slower c-axis direction. It should be noted that at this deposition temperature the film is still not completely n-axis oriented. A cross section of the film, presented in Fig. 13(b) , shows that the film close to the interface is c-axis oriented, with an n-axis grain that has nucleated close to the tilmsubstrate interface. In addition to grain boundaries, t.he fi.lm shows numerous stscking faults, mostly in the form of extra Cu-0 planes, some examples of which are marked by arrows in Fig. 13(c) . The microstructure and defects in these fihns will be discussed in detail elsewhere. "" IV. DISCUSSION A consistent picture of the fztors affecting film quality can be formed from the correlations between deposition conditions and measured properties of YBCO thin films. 112 situ superconducting films were achieved in all cases, and changes in deposition conditions led to systematic changes in the microstructure of the films which, in turn, affected electrical performance. The microstructure of the films, inferred from SRD measurements and in some cases confirmed by TEM, is considered first, since this is the property that is most fundamentally impacted by the deposition conditions. The resulting electrical properties are then discussed.
All films investigated were highly textured with c-axis, u-axis, or mixed c-axis and a-axis orientation.
No secondary-phase peaks where observed in the 8-28 XRD patterns of films even though secondary-phase precipitates were observed by SEM, AES, EDS, and TEM. Since these secondary phases are randomly oriented, their diffracted intensity is reduced by roughly a factor of 1000 and is not detected by XRD.*"** The expected diffracted intensity from an unoriented secondary phase is well within the background noise level for diffracted intensity, assuming a typical diffracted intensity of 1.5 x 10s cps for the most intense film peaks of a 2000~A-thick c-axis-oriented film and estimating a 20% volume fract.ion of secondary phases.
Four-circle XRD reveals that the films exhibit fourfold in-plane symmetry, which is expected for growth on LaAQ, a pseudocubic substrate.29 .There are no 45" inplane misoriented grains which are commonly observed in YBCO films on hIg03' The four-circle XRD measurements also reveal that the c-axis-oriented grains are twinned in the a-6 plane and that the epitaxial registry between the film and t.he substrate for c-axis-oriented grains occurs along the { 1 IO) directions and not along (100) directions as commonly assumed. Figure 14 A simple calculation based on bulk lattice parameters for YBCO (a=3.822 A, 6=3$91 A, and c=11.677 A)24 and on the assumption that the film and substrate are perfectly registered along the { 110) direction yields an angular difference between the film and substrate (100) directions of O.P, which is consistent with the measured value of about ON. Analysis of the mismatch betwefn the YBCO film and the LaAlOs substrate (a=3.790 A)29 based on room-temperature lattice constants can explain this observation. While the lattice mismatch along the [LOO] direction is quite small, 0.79%, the mismatch along the [OlO] direct.ion is much larger, 2.37%. The mismatch along the (110) direction is 1.47%. Since strain energy is proportional to the square of the misfit, it is energetically favorable for the film and the substrate to be matched along the (110) direction.
Fourfold in-plane symmetry of the diffraction pattern for c-axis-oriented grains is the result of twinning in the a-h plane as discussed above. Fourfold in-plane symmetry is also observed in a-axis-oriented grams, but this is caused by a twofold degeneracy in the possible orientations of the c axis with respect to the substrate. In contrast to c-axisoriented grains, the [OlO] and [OOl] directions in a-axisoriented grains are aligned with respect to the substrate (100) directions. Furthermore, the fact that no b-axisoriented grams are observed indicates that the a-axisoriented grains are not twinned, which has also been shown for ex situ films."' This is to be expected because when the film undergoes the tetragonal to orthorhombic transition during cooling, the lattice expansion along the b axis is smaller than the contraction along the a axis, as indicated by the lattice parameter measurements by Specht of aLs3 Thus, minimization of strain energy favors the b axis lying in plane and the film being a-axis oriented.
The observed increase in XRD peak width with decreasing deposition temperature, shown in Fig. 9 , is consistent with the expected decrease in grain size with decreasing deposition temperature, with peak width inversely proportional to grain size."7!34 The change in grain size is a result of a decrease in grain growth with decreased atomic mobility, and an increase in nucleation rate from an increase in thermodynamic driving force.35s36 The exact change in grain size cannot, however, be uniquely determined since film disorder is also expected to increase with decreasing deposition temperature. Several types of disorder may be present in the films. Tt may be in the form of cation disorder whereby Ba replaces Y on the YBCO lattics as proposed by Michikami, Asahi, and Asano,37 and Matijasevic et al. ,38 defects on the oxygen sublattice, or other defects such as intercalation of excess Cu-0 planes as observed by TEM in this investigation. Grain size and defects in these films will be discussed in detail elsewhere.25
The change in orientation from c axis at high deposition temperatures to a axis at low deposition temperatures shown in Fig. 10(b) has been observed previously. 3'~3y+@ Inam et al. 39 have measured ion-channeling yield as a function of deposition temperature for PrBaCuO films as orientation changes from c axis to a axis, and Heidelbach et al. 32 used four-circle XRD to measure relative amounts of a-axis and c-axis-oriented grains in laser-deposited films. Eom et al. "' were the first to observe predominantly a-axisoriented films on SrTi03 substrates. They attributed the change in film orientation to a competition between minimization of surface energy which promotes c-axis-oriented growth (as supported by observations of growt.h rate anisotropy in YBCG) and minimization of lattice misfit. energy between the substrate and the film which promotes a-axis-oriented growth. Unlike the case with SrTiO;, for films deposited on LaAlO, substrates the misfit minimization alone would favor the a-axis lying in plane, so that a-axis-oriented films should not form. The formation of a-axis orientation may then be favored at low deposition temperatures because of reduced atomic mobility to form the layered structure. The ion-channeling work by Tnam et al. X9 indic.ates that almost pure a-axis-oriented films have a higher degree of crystallographic perfection than films of mixed orientation grown at slightly higher temperatures; films become increasingly disordered with decreasing deposition temperature until the a-axis orientation is formed. The format.ion of pure a-axis-oriented films in this work is significant in that it. may indicate that a-axis YBCO can nucleate at the growt.h interface which would challenge the model of c-axis orientation always forming first in a thin layer at the growth interface.32Ps' rent in these films, whereby overall resistivity is determined by resistivity from grain boundaries and the intrinsic resisThe CuO precipitates measuring up to 1 pm in diamtivity of weak-link-free crystals.'@ The increase in p with eter and extending through the entire film thickness have decreasing deposition temperature may then be seen as the been widely observed in YBCO thin films. These agglomresult of two factors: decreasing grain size, which increases crates did not directly degrade the electrica1 performance the number of grain boundaries intersecting a conduction of the films. In fact, the substrate temperature and oxygen path, and increasing intragrain disorder possibly due to pressure combinations which promoted the best electrical cation disorder or defects in Cu-0 planes. An increase in and structural properties in this investigation also resulted cation disorder in the film should also lead to a suppression in the largest CuO precipitates. However, this surface of Tc at lower deposition temperatures, which is consistent roughness is obviously a problem for film patterning, for with our experimental observations. The even larger resisfabrication of small features, and for deposition of multitivities measured in a-axis-oriented films can be explained layered structures, by the fact that microscopic current paths along a-b planes The formation of CuO secondary phases is consistent are intersected by many 90" grain boundaries. with the observation that these films are copper rich, even
The decrease in .ic with decreasing deposition temperthough they are deposited from a single stoichiometric tarature may also be understood by changes in microstrucget. The films may be copper rich for several reasons, such ture, whereby Jc is determined by critical currents for inas: a difference in scattering of cations in the gas phase tergrain Josephson junctions, intragrain junctions, and resulting from mass differences; a difference in initial kipinning.U Different defects in the YBCO thin films play net.ic energy of cations as they are ejected from the target competing roles; grain boundaries serve as weak links again resulting from mass differences; or a difference in which decrease Jc, and other types of defects create pincation sticking coefficients on YBCO. The exact mechaning sites which increase Jc. nism is not known. Excess copper is rejected from the As deposition temperature decreases, the decrease in structure since, for a given temperature and oxygen presgrain size leads to more grain boundaries intersecting a sure, YBCO is a line compound in composition space, current path which can explain the reduc.tion in Jc, alThe formation of CuO precipitates must be accompathough Chan et ~1."~ have shown that not all 90" angle nied by significant amounts of copper surface diffusion.
grain boundaries degrade Jcy, Kromann et aLj6 have found The formation of the CuQ precipitates may then be a 70% reduction in Jc by increasing the amount of a-axisthought of as an indicator of the level of adatom mobility oriented grains in YBCO films from 0.6% to 8.3%, alduring film deposition. On the assumption that composithough we have measured a Jc as high as 1 X lo7 A/cm2 at tion is constant, the same conditions which lead to large 4.2 K in a predominantly a-axis-oriented film deposited at secondary-phase precipitates also contribute to improved T,=697 "C. This suggests that grain orientation may play structure and electrical properties. At low deposition tema secondary role to grain size. peratures, excess copper may lead to defects in Cu-0
The very large critical currents measured, in the mid planes, increasing film disorder. We have recently used 10' A/cm' range, require a high degree of pinning. At externally applied magnetic fields to alter plasma condipresent, the source of pinning in YBCO thin films has not tions and bombardment, thus changing the copper content of the films and improving surface morphology.'7*92J"3 been identified, but many candidates exist including coherent secondary-phase precipitates"7P8 such as Y,03, twin Changes in the structural properties discussed above boundaries,"g dislocations,50 screw dislocations in the cencan be correlated with changes in electrical properties. We ter of growth spirals,51'52 and oxygen vacancies.s" Howfound that among the deposition conditions explored in ever, none of these defects supply the amount of pinning this investigation the substrate temperature is also the most necessary to explain the large critical currents. significant factor affecting the electrical properties of Microwave surface resistance does not appear to follow YBCO films. As substrate temperature is increased, T, the trends established for the change in T,, Jc, and resisand J, increase, while normal-state resistivity p( Tj and tivity. In ideal superconductors the low-power surface rethe T-O resistivity intercept p(O) decrease. These paramsistance results from microwave losses from the resistance eters were shown to follow a clear and systematic trend as produced by unpaired electrons. The two-fluid model" can a function of deposition temperature, as summarized in be used to calculate RS as a function of the density of Table 1 . Microwave surface resistance R, did not follow paired and unpaired electrons, the mobility of these eiecany apparent trend, but the penetration depth il was shown trons, and A-, but comparison with measurements shows to increase with decreasing deposition temperature. As that other phenomena must. be added to the two-fluid mentioned earlier, this series of films exhibited higher R, model. Hylton and Beasley" introduced the concept of the values than previously reported, indicating that some unimaterial being a network of grains coupled by weak links. dentitied factor may be contributing to the surface resis-A recently formulated coupled-grain mode15" extends the tance. However, all the other film properties are consistent with the previous discussion.
ideas of Hylton and Beasley'" to include the power dependence and can be used to gain some insight into the behav-A simple analysis of the normal-state resistivity as a ior of the surface resistance at low power and as a function function of temperature gives insight to the relationship of the power. in the coupled-grain model the YBCO is between microstructure and microscopic transport of currepresented by a network of ideal superconducting grains coupled together by Josephson-junction-like weak links which can arise from a variety of defects including grain boundaries. The power dependence of R, results from the variation of the inductance of the Josephson-junction weak links with rf current. The surface resistance depends on both the quality and the number of the weak links. The quality of the weak links is determined by a critical current (not necessarily the same as the Jc measured by transport sinc.e at low frequencies the weak links are shunted by other parallel paths in the film) and by the leakage resistance for the links. Deposition temperature affects both the number and quality of the weak links. Although the power dependence of R, is not uniquely determined by the deposition temperature in these experiments, it is a clear trend that higher deposition temperatures yjeld lower power dependence. The low-power surface resistance Rs, however, is not clearly correlated with deposition temperature. Thus, the improvement of power dependence with inc.reasing deposition temperature can be identified with weak links of higher critical current, while the independenc.e of the low-field R, indicates strongly that the film microstructure is influenced by other factors, such as substrate ion bombardment or substrate preparation, which were not as tightly controlled as the substrate temperature in this series of experiments.
V. SUMMARY AND CONCLUSIONS I?1 situ superconducting YBCO thin films were formed over a wide range of processing conditions. St.ructural and electrical properties were correlated with deposition temperature. All films exhibited c-axis, a-axis, or mixed c-axis and d-axis orientation and the distribution of these orientations was quantified as a function of deposition temperature. The films had two different orientations in plane, with (110) directions aligned between the film and the substrate in c-axis-oriented grains, and (100) directions aligned in the plane of the film-substrate interface in a-axisoriented grains. Precipitates of CuO, Cr-Ba oxide, and Y203 were identified in the films but these defects do not necessarily degrade electrical properties. The best films had a Tc (R =0) of 92 K, a Jc (zero fieldj of 3.3 x lo7 A/cm" at 4.2 K and 4.8~10' A/cm" at 77 K, and a R,* of 2.6~10~" 0 at 1.5 GIG and 4.2 K which rises to 8.3~ lo--' R at 77 K, Decreasing substrate temperature resulted in a decrease in Tc, an increase in p, a decrease in Jc, a decrease in grain size, an increase in the ratio of a-axis-to c-axis-oriented grains, and an increase in 3,. The low-power Rs did not correlate with deposition temperature, but the power dependence of R, was shown to increase with decreasing deposition temperature.
